Testing a Neutrino Mass Generation Mechanism at the LHC 
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The Large Hadron Collider could be a discovery machine for the neutrino mass pattern and 
its Majorana nature in the context of a well-motivated TeV scale Type II seesaw model. This is 
achieved by identifying the flavor structure of the lepton number violating decays of the charged 



Higgs bosons. The observation of either H 



t v or H 



will be particularly robust 



to determine the neutrino spectra since they are independent of the unknown Majorana phases, 



which could be probed via the H 



e t e t decays. In a less favorable scenario when the leptonic 



channels are suppressed, one needs to observe the decays H + — ► W + H\, and H + —* tb to confirm 
the triplet-doublet mixing that implies the Type II relation. The associated production H ±:iz H^ is 
crucial in order to test the triplet nature of the Higgs field. 



I. Introduction 

The Large Hadron Collider (LHC) at CERN will soon 
take us to a new frontier with unprecedented high energy 
and luminosity. Major discoveries of exciting new physics 
at the Terascale are highly anticipated. The existence 
of massive neutrinos clearly indicates the need for new 
physics beyond the Standard Model (SM) [1]. It is thus 
pressing to investigate the physics potential of the LHC in 
this regard. The leading operator relevant for neutrino 
masses in the context of the SM 0] is (k/ A)l L l L HH , 
where l L and H stand for the SU(2)l leptonic and Higgs 
doublet, respectively. After the electroweak symmetry 
breaking (EWSB), the neutrino Majorana mass reads as 
m„ ~ kuq/A, where vq w 246 GeV. The crucial issue 
is to understand the origin of this operator in a given 
extension of the SM in order to identify the dimensionless 
coupling k and the mass scale A at which the new physics 
enters. 

There exist several simple renormalizable extensions of 
the SM to generate neutrino Majorana masses and mix- 
ing, (i) The simplest one is perhaps the Type-I seesaw 
mechanism |3j, where one adds fermionic gauge singlets 
N . The resulting neutrino mass is given by m v cx Vq /Mjf. 
The smallness of m„ < 1 eV is thus understood by the 
"seesaw" spirit if Mm ^S> vq- The interests of searching 
for heavy Majorana neutrinos N at the LHC have been 
lately renewed However, it is believed that any sig- 
nal of N would indicate a more subtle mechanism beyond 
the simple Type I seesaw due to the naturally small mix- 
ing Vjy v ~ m K /Mjv- (ii) A more appealing mechanism, 
at least from the phenomenological point of view, is the 
Type II seesaw mechanism Q . In this scenario the Higgs 
sector of the SM is extended by adding an SU (2) l Higgs 
triplet, A ~ (1,3,1) under the SM gauge groups. Af- 
ter EWSB the neutrino mass is given by m v oc Y„v^, 
where Y v and va are the Yukawa coupling and the vac- 
uum expectation value of the triplet, respectively. If the 
triplet mass is accessible at the LHC, M A < 0(1) TeV, 
then this scenario may lead to very rich phenomenol- 



ogy. Experimentally verifying this mechanism would be 
of fundamental importance to understand the neutrino 
mass generation and its connection to the EWSB. For 
other proposals with exotic leptonic representations or 
radiative mass generations, see (f|. 

In this Letter, we explore the feasibility to test the 
Type II seesaw mechanism at the LHC assuming that the 
Higgs triplet is kincmatically accessible. We focus on the 
exciting possibility to determinate the neutrino spectrum 
through the lepton violating Higgs decays in the theory. 
Recently, several groups 0, B Q have studied the pos- 
sibility to distinguish between the neutrino spectra us- 
ing the predictions for the decays of the doubly charged 
Higgs. Unfortunately, this method suffers from the de- 
pendence on the unknown Majorana phases. Here we 
point out for the first time that the best way to determi- 
nate the neutrino spectrum in this context is through the 
lepton-number violating decays H + — ► efu (i = e, fi, r), 
since those are independent of the unknown Majorana 
phases. We advocate that the associated production 
H ±=t iJ T is crucial in order to test the triplet nature of 
the model. With semi-realistic Monte Carlo simulations, 
we demonstrate how to reconstruct the signal events 
H ±:t H T — > efe^e^v and suppress the backgrounds up 
to 1 TeV of the Higgs mass. We also show how to test 
this theory when the leptonic channels are suppressed. 
The discovery of the predicted signals at the LHC would 
provide us crucial information about the neutrino mass 
and its connection to the electroweak symmetry breaking 
mechanism. 

II. The Type II Seesaw for Neutrino Masses 

The Higgs sector of the Type II seesaw scenario is com- 
posed of the SM Higgs 77(1,2, 1/2) and a scalar triplet 
A(l, 3, 1). The crucial terms for the neutrino mass gen- 
eration in the theory are 

-Y v l T L C ia 2 A l L + [i H T ia 2 A f i? + h.c. (1) 

where the Yukawa coupling Y u is a 3 X 3 complex sym- 
metric matrix. The lepton number is explicitly broken by 
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two units due to the simultaneous presence of the Yukawa 
coupling Y v and the Higgs term proportional to the /i pa- 
rameter. From the minimization of the scalar potential 
one finds va = M^o / V2M^. Therefore, the neutrinos 
acquire a Majorana mass given by 



V2Y„v A = Y u n vl/Ml. 



(2) 



This equation is the key relation of the Type II seesaw 
scenario. The neutrino mass is triggered by the EWSB 
and its smallness is associated with a large mass scale 
M A . With appropriate choices of the Yukawa matrix el- 
ements, one can easily accommodate the neutrino masses 
and mixing consistent with the experimental observation. 
For the purpose of illustration, we adopt the values of the 
masses and mixing at 2a level from a recent global fitfiol]. 
II. A General Properties of the Higgs Sector 
After the EWSB, there are seven massive physical Higgs 
bosons: H u H 2 , A, H ± , and iJ ±± , where H x is SM- 
like and the rest of the Higgs states are A-like. Ne- 
glecting the Higgs quartic interactions one finds Mh 2 — 
Ma — M H + ~ M H ++ = Ma- Since we are interested 
in a mass scale accessible at the LHC, we thus focus on 
110 GeV < M A < 1 TeV, where the lower bound is from 
direct searches (llj . Working in the physical basis for 
the fermions we find that the Yukawa interactions can be 
written as 



u£ C T+ H+ e L , and e\ C T ++ H++ e L , 

_ c e + , mi %a9 VpMNS 

VA V2 VA 



v PMNS" l v v PAINS 



where cg + — cos 8 + , 8+ is the mixing angle in the charged 
Higgs sector and va < 1 GeV from the p-parameter con- 
straints. Vpmns = ^(012, 023,0i3,£) x Km is the lep- 
tonic mixing matrix and Km — diag(e 1 * 1 / 2 , 1, e 1 * 2 / 2 ) is 
the Majorana phase factor. The values of the physical 
couplings r + and T ++ are thus governed by the spec- 
trum and mixing angles of the neutrinos, and they in 
turn characterize the branching fractions of the AL = 2 
Higgs decays. For a previous study of the doubly charged 
Higgs decays see [l2|. 

The two leading decay modes for the heavy Higgs 
bosons are the AL = 2 leptonic mode and the (longitu- 
dinal) gauge boson pair mode. The ratio between them 
for the H ++ decay reads as 



r(g++ -> 

T(H++ -> W+W+ 



M 



A 



''A 



using m„/M A ~ 1 eV/1 TeV, one finds that these two 
decay modes are comparable when v A w GeV. It is 
thus clear that for a smaller value of v A (a larger Yukawa 
coupling), the leptonic modes dominate, while for larger 
values, the gauge boson modes take over. In the case 
of the singly charged Higgs, if+, there is one additional 
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FIG. 1: Leptonic branching fractions vs the lightest neutrino 
mass when $i = 0. (a) for H ++ decay in the NH, and (b) for 
H+ in the IH. 



mode to a heavy quark pair. The ratio between the rel- 
evant channels is 



T(H+ -> tb) 
T(H+ -> W+Z) 



Z(v A m t /vl) 2 M A 
M A vl/2v$ 



Ma 



(4) 



Therefore, the decays H + — > W + Z, W + Hi dominate 
over tb for M A > 400 GeV. We present a more detailed 
discussion elsewhere (l3| . In our discussions thus far, we 
have assumed the mass degeneracy for the Higgs triplet. 
Even if there is no tree-level mass difference, the SM 
gauge interactions generate the splitting of the masses via 
radiative corrections, leading to AM = M H ++ — M H + — 
540 MeV 1J| . The transitions between two heavy triplet 



Higgs bosons via the SM gauge interactions, such as the 
three-body decays H++ -> H+W+*, H+ -> H°W+* 
may be sizable if kinematically accessible. We find [l3| 
that these transitions will not have a significant branch- 
ing ratio unless AM > 1 GeV. In fact, our analyses will 
remain valid as long as H ++ and H + are the lower-lying 
states in the triplet and they are nearly degenerate. We 
will thus ignore the mass-splitting effect in the current 
study. 

II. B Higgs Decays and the Neutrino Properties 
For v A < 10~ 4 GeV, the dominant channels for the 
heavy Higgs boson decay are the AL = 2 di-leptons. In 
Fig. [1] we show the predictions for the representative de- 
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TABLE I: Relations for the AL = 2 decays of H ++ , H + in 
three different neutrino mass patterns when <J?i = $2 = 0. 
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cay branching fractions (BR) to flavor diagonal di-leptons 
versus the lightest neutrino mass where the spread in BR 
values is due to the current errors in the neutrino masses 
and mixing. Fig. [TJa) is for the H ++ decay to same-sign 
di-leptons in the Normal Hierarchy (NH) (Am^ > 0), 
and Fig.QJb) for the H + decay in the Inverted Hierarchy 
(IH) (Amjj < 0). In accordance with the NH spectrum 
and the large atmosphere mixing (#23), the leading chan- 
nels are H ++ — > r + r + , and the channel e + e + is 
much smaller. When the spectrum is inverted, the dom- 
inant channel is H ++ — » e + e + instead. Also is seen in 
Fig. QJb) the H + — * e + v dominance in the IH. In the 
case of NH the dominant channels are H + — ► /j, + D and 
H + — > t + D. In both cases of NH and IH, the off-diagonal 
channel H ++ — > r + /i + is dominant due to the large mix- 
ing. In the limit of Quasi-Degenerate (QD) neutrinos one 
finds that the three diagonal channels are quite similar, 
but the off-diagonal channels are suppressed. 

The properties of all leptonic decays of the charged 
Higgs bosons are summarized in Table. [I] The effects of 
the Majorana phases are neglected so far. The Higgs de- 
cays are not very sensitive to the phase $2, with a maxi- 
mal reduction of H ++ — > r + r + ,/i + /i + and enhancement 
of /i + r + up to a factor of two in the NH. The phase 
$1, however, has a dramatic impact on the H ++ de- 
cay in the IH. This is shown in Fig. [2] We see that for 
$1 « 7T the dominant channels switch to e + fi + , e + r + 
from e + e + , fi + r + as in the zero phase limit. This pro- 
vides the best hope to probe the Majorana phase. The 
decays — > efp, on the other hand, are independent 
of the unknown Majorana phases, leaving the BR predic- 
tions robust. Therefore, using the lepton violating decays 
of the singly charged Higgs one can determinate the neu- 
trino spectrum without any ambiguity. This is one of our 
main results of our Letter. 
III. Testing the Model at the LHC 
We consider the following production channels 

qq^ 7*,Z* -> H++H-, and qq' -> W* -> H ±:t H T . 

The total cross sections versus the mass at the LHC are 
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FIG. 2: Leptonic branching fractions of H ++ decay versus 
the Majorana phase $1 in the IH for 7713 ~ 0. 

shown in Fig. The cross sections range in 100 — 0.1 
fb for a mass of 200—1000 GeV, leading to a potentially 
observable signal with a high luminosity. The associated 
production i? ±± i? T [HI is crucial to test the triplet na- 
ture of H ±i: and H ± . 
III. A Purely Leptonic Modes 

For v A < 10 -4 GeV, we wish to identify as many chan- 
nels of leptonic flavor combination as possible to study 
the neutrino mass pattern. The e's and /x's are experi- 
mentally easy to identify, while r's can be identified via 
their simple charged tracks (1-prong and 3-prongs). We 
make use of the important feature that the r's from the 
heavy Higgs decays are highly relativistic and the miss- 
ing neutrinos are collimated along the charged tracks, so 
that the r momentum p(r) can be reconstructed effec- 
tively. In fact, we can reconstruct up to three r's if we 
assume the Higgs pair production with equal masses [l3T | . 
The fully reconstructable signal events are thus 

H++H— -> £+£+ £-fr, l^t £ t t t , £ ± £ ± t t t t , 

ij ±± ij =F -> £±i± f>V, e ± e ± t^, 

where I = e, ji. We have performed a full kincmatical 
analysis for those modes, including judicious cuts to sep- 
arate the backgrounds, energy- momentum smearing to 
simulate the detector effects, and the p(r) and M A recon- 
struction. We find our kinematical reconstruction proce- 
dure highly efficient, with about 50% for M A = 200 GeV 
and even higher for a heavier mass. With a 300 fb -1 lu- 
minosity, there will still be several reconstructed events 
in the leading channels up to M A ~ 1 TeV with negligible 
backgrounds. 

We summarize the leading reconstructable channels 
and their achievable branching fractions in Table ITT] The 
if ± decays are robust to determinate the mass pattern 
since they are independent of the Majorana phases. For 
more details see [13j. 

III.B Gauge Boson and Heavy Quark Modes 

For v A > 2 x 10 -4 GeV, the dominant decay modes 
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FIG. 3: Total cross sections in units of fb for pp — > H ++ H 
and H ±± H^ 1 production versus its mass at ^/s = 14 TeV. 



Channels 


Modes and BR's(NH) 


Modes and BR's (IH) 


H++H— 

$1, $2 = 
$1 « 7T 


fi+ fj,- fi~ (40%) 2 

H+Li+fi-T" 40% x 35% 

mV+t-t" (40%) 2 

H+t+h~t- (35%) 2 
M + r + r - r - 35% x 40% 

same as above 
u/x, rr: X 1/2, fir : x2 


e+e+e-e- (50%) 2 
e+e+fi-r- 50% x 25% 
fi+r+fi-r- (25%) 2 

ee, — > eu, er (50%) 2 
same as above 


$1, $2 = 

$1 W 7T 
$2 ~ 7T 


fi+H+fi-v 40% x 60% 
fi+H+T-v 40% x 60% 
same as above 
/i/^ : x 1/2 


e+e+e-u (50%) 2 

ee -> e/x, er 60% x 50% 
same as above 



TABLE II: Leading fully reconstructable leptonic channels 
and their achievable branching fractions. 



of the heavy Higgs bosons are the SM gauge bosons. 
The decay H ±:t — > W ± W ± is governed by v A and 
H ± -> W ± H 1 , tb by the mixing /i, and i?^ -> VK ± Z by 
a combination of both. Therefore, systematically study- 
ing those channels would provide the evidence of the 
triplet-doublet mixing and further confirm the seesaw re- 
lation va = [J>Vq j \plM\. We have once again performed 
detailed signal and background analysis at the LHC for 
those channels. We are able to obtain a 20% signal effi- 
ciency and a signal-to-background ratio 1 : 1 or better. 
With a 300 fb -1 luminosity, we can achieve statistically 
significant signals up to M A w 600 GeV 
IV. Summary 

The feasibility to test the Type II seesaw mechanism at 
the LHC has been studied. We first emphasize the impor- 
tance to observe the associated production iJ ±± i/ T to 
establish the triplet nature of the Higgs field. In the opti- 
mistic scenarios, va < 10~ 4 GeV, one can test the theory 
up to M A ~ 1 TeV, by identifying the leading decay chan- 
nels as either H ++ — > t + t + , /i + r + , H + — » t + v 



in the Normal Hierarchy, or H ++ — > e + e + , /i + t + , 
H + — > e + v in the Inverted Hierarchy. If the Majorana 
phases play an important role, then the H ++ decay chan- 
nels are much less predictable. Always one can use the 
decays to determinate the neutrino spectrum since 
those are independent of the Majorana phases. For a 
special case in the IH, the significant changes in the de- 
cay rate of H ++ with e + e + ,/i + r + e + /i + ,e + r + offer 
the best hope to probe <&i. In a less favorable scenario, 
va > 2 x 10~ 4 GeV, the leptonic channels are suppressed. 
The decays 7J ±± — » H /± H /± indicate the existence of v A , 
while the decays H + — > tb and H + — ► W + Hi are due to 
the mixing between the SM Higgs and the triplet. Statis- 
tically significant signals are achievable up to M A i=s 600 
GeV. In the most optimistic situation, va ~ 10~ 4 GeV, 
the leptonic and gauge boson channels may be available 
simultaneously. 
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